A procedure is described for the determination of phospholipid, 'phosphoprotein ', ' acid-soluble ' phosphate, pentosenucleic acid (DNA), deoxypentosenudeic acid (DNA), and 'insoluble' polyphosphate in samples of mycobacteria of about 30 mg. dry weight.
F. G. Winder aNd J , M . Denneny
H37RvN was a strain resistant to l00p.g. isoniazid/ml. Its origin and characteristics are described elsewhere (Barry, Conalty, Denneny, Gaffney 8~ Winder, 1955) .
Culture and harvesting, The basic medium used was a Proskauer & Beck medium prepared as recommended by 'the American Trudeau Society (1950) . This medium will be referred to as P & B. The saprophytic rnycobacteria were maintained on a modification of P & B which contained 6-lOpg. ferric chloride (hydrated)/ml. I n growing cultures for the experiments a small quantity of surface growth was lightly ground, suspended in P & B, and a quantity of this inoculum containing about 0.2 mg. was pipctted into 80 ml. of the modified P & 33 in 250 mI. conical flasks. The flasks were incubated at 37". Mycobaderium tubercuzosis was kept on Lowenstein-Jensen medium (containing 1OOpg. isoniazid/ml. in the case of H37RvN). Material from 2-to 3-week-old cultures was ground and inoculated, as above, into 80ml. of P & B in 250 ml. conical flasks, which were then capped and incubated a t 37". When serum is mentioned as an addition to the medium, 5 yo human serum was used.
Harvesting was carried out when the culture had reached the desired stage of growth. When material was required for the short-term growth experiments, described below, harvesting was done when there was a uniform and fairly thick pellicle over the surface of the medium, just before growth had started to slow down (e.g. 3-4 days with Mycobaderium smgmatis). The rate of growth, however, was subject to considerable variation and no really adequate criterion of physiological age was available. The weight of organism per unit volume of medium was variable at any stage of growth. The appearance of the pellicIe on the surface gave perhaps the best idea of the stage of growth that had been reached, As a consequence of this uncertainty, in studies on the effect of age on the composition of an organism, material from the same culture had to be used throughout.
Cultures to be harvested were transferred to a Biichner funnel, and washed with distilled water. They were then suspended in distilled water by grinding for a short period in a slowly rotating Pyrex ball-mill, containing agate balls. For analysis samples containing about 30 mg. dry weight were pipetted into 5 x Q in. Pyrex test tubes, in which all subsequent operations were performed.
One set of samples was taken for dry weight, total nitrogen and total phosphorus determinations, and another set for fractionation.
When dealing with virulent Mycobacterium tuberculosis handling was carried out inside a cabinet until the stage of extraction with ethanol was reached (Fig. I ) . The organisms were killed by suspending in acetone for 24 hr., followed by 24 hr. in 5 % trichloroacetic acid (TCA), so that after this period the cold TCA extracts were innocuous. Short-term growth experiments. Cultures which had reached a suitable stage of growth were transferred to a Biichner funnel, washed and suspended as above. The suspension was diluted to a constant turbidity (to give about 6 mg. bacterial dry weightlml.). The bacteria showed no appreciable loss of acidfastness during this treatment. Forty ml. of this suspension and 2 ml. 0.5 yo Tween 80 were added to 20 ml. medium contained in a 150 ml. conical flask. presence of acid-labile phosphate compounds. Such compounds were present along with orthophosphate in the acid-soluble fraction, But comparison of results from this method with results obtained by the method of Berenblurn & Chain (1938) showed that the inaccuracy involved was small. No problem of a magnitude similar to that met by Bajaj & Krishnan (1953) was encountered.
Ultraviolet absorption. Measurements were carried out using a Beckman model DU spectrophotometer. All the samples contained 5 % TCA and, following the recommendations of Logan, Mannell & Rossiter (1952) , these were heated for 15 min, at 90" (where this had not already been done in preparing the extract). The samples were suitably diluted and read at 26805 mp.,
where both nucleic acids have the same E(P). The symbol E ( P ) is used as defined by Chargaff & Zamenhoff (1948) . TCA blanks were heated and diluted in exactly the same way as the analytical solutions. Pe7ttose estimation, This was carried out according to the Mejbaum method, as modified by Patterson & Dackerman (1952) . Purified mycobacterial PNA (kindly provided by Professor M. Stacey) was used to relate pentose to phosphorus.
Deoxypentose estimation. Deoxypentose was estimated by the Dische diphenylamine reaction as described by Patterson & Dackerman (1952) , except that the colour was developed for 24 hr. a t 87'. Purified mycobacteriat DNA (Professor M. Stacey) was used as standard.
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EXPERIMENTAL
The extraction of the phosphorzls compounds of Mycobacterium smegmatis Acetone extraction. CoId acetone extracted no more than 1 yo of the total cell phosphorus, and did not cause any further change in the various phosphorus fractions except to speed the subsequent extraction of the acid-soluble compounds. This was true even when the bacteria were stored under acetone for over a week. Acetone treatment was consequently used to stop metabolism and to permit the storage of samples.
Eztruction of acid-soluble phosphorus.
Treatment with ice-cold 5 % TCA for 0 hr. was sufficient to extract the acid-soluble phosphorus compounds. Further extraction with 5 % TCA in the cold did result in a very slow extraction of more phosphorus compounds, but this was due to a slow solution of nucleic acid and ' insoluble ' polyphasphate. The acid-soluble compounds were not subjected to any detailed fractionation. Substances shown to be present were inorganic orthophosphate, inorganic polyphosphate (the ' soluble ' metaphosphate of Juni, Kamen, Spiegelman & Wiarne, 1947) , and phosphorylated riboflavin derivatives. Inorganic poiyphosphate constituted most of the acidlabile phosphate in these extracts. The riboflavin derivatives were also present in considerabIe quantity, and were responsible for most of the ultraviolet absorption of the extracts.
Extraction of phospholipid. Anderson and others (e.g. Lederer, 1952) have
shown that the phosphatides of mycobacteria are extracted by ethanol + ether.
We found that about 65 yo of the phosphorus that could be extracted in this 60 In order to study the excess phosphorus in purer form several attempts were made to extract it separately from the nucleic acids : (1) The cell residues were extracted with 0.01 M-bicarbonate buffer, pH 9.0, at 19" for successive periods up to a total of 24 hr. Nucleic acid and excess phosphorus were, however, extracted at a similar rate. (2) The residues were extracted with saturated aqueous urea a t 37" for 24 hr., and then several times with M-NaCl a t 19". Again little separation of nucleic acid and excess phosphorus was obtained.
(3) The residues were subjected to prolonged extraction with 5 % TCA a t 19".
The results of such an extraction are shown in Table 2 . Most of the nucleic acid was extracted during the first 24 hr., and during the remaining periods the excess phosphorus was obtained with a greatly reduced nucleic acid contamination. These extracts were useful in studying the excess phosphorus with a minimum of interference from nucleic acid.
Studies made on the above extracts showed that most of the excess phosphorus was present as inorganic polyphosphate (metaphosphate). This was completely precipitated by barium at pH 4-5 (except for a small amount hydrolysed to orthophosphate in the case of TCA extraction), and was entirely hydrolysed to orthophosphate in 7min. by N-HCl a t 100". It gave a metachromatic reaction with toluidine blue (Wiame, 1949) . Paper chromatography (Crowther, 1954) suggested that a mixture of high molecular weight polyphosphates was present in the extracts. The acid-lability of this polyphosphate provided a ready means of estimating it, provided that the nudeic acid content of the solutions concerned was known so that its hydrolysis might be allowed for as described earlier. In order to determine pentosenucleic acid (PNA) and deoxypentose nucleic acid (DNA) use was made of the fact that the two are extracted a t different rates by an acid extraction more vigorous than that used to take out the acidsoluble compounds. Ogur & Rosen (1950) used normal perchloric acid at 4" for 18 hr. This temperature of extraction was inconvenient with the fadities available to us and so 5 % TCA was used as a milder agent, so that a temperature of 19" could be tried. The results of such an extraction are shown in Table 2 . Obviously the Dische and Mejbaum methods are unsuitable for determining PNA and DNA in these extracts, especially in the final extract prepared at go", though the results with the Dische method do show that DNA is extracted to a very slight extent only by TCA at 19" for 72 hr. To obtain more conclusive results use had to be made of ultraviolet absorption studies.
On extraction of purified DNA (kindly provided by Professor M. Stacey) from Mycobacierium phlei with 5 yo TCA for 72 hr. at 19" it was found that the deoxypentose and phosphorus went into solution t o a very slight extent only, but the purines were removed so that the residue was apurinic acid. When this residue was dissolved by heating with 5 yo TCA at 90' for 15 min., it had an absorption maximum about 275 mp., and the ratio of the extinction at 260 mp. to that at 268.5 mp. (Easo/E,,,) was 0.77. When purified PNA was heated in 5 yo TCA at 90" for 15 min, it gave an E,,/E,,,, of 1-05. When the EMo/EM&6 figures in Table 2 are examined it may be seen that the value for the residual material in M. m g m t i s after extraction at 19" for 72 hr. corresponded It was found that this modified Ogur & Rosen method for determining PNA and DNA could also be applied to Mycobaderium tuberculosis and M . phlei, though some samples of these two organisms required a slightly longer extraction at 19" for the complete removal of PNA. The E,,/E,,, ratio was always determined by extracts 'R2' and 'D' (Fig, 1) to ensure that the separation was satisfactory. If either ratio deviated slightly, the amount of contamination by the other nucleic acid could be calculated from the deviation.
There appeared to be some phosphate in these extracts which was not accounted for as nucleic acid or acid-labile phosphate (the excess ' insoluble ' phosphate of Tables 3-6 ). This was not due to the incomplete hydrolysis of the polyphosphate in 7 min.-further hydrolysis (up to 15 min.) did not liberate it as orthophosphate, nor did its amount vary proportionately to the amount of polyphosphate present. It may be present in the extracts as glycerophosphoric acid (Mitchell & Moyle, 1951) . The phosphorus left in the residues after these extractions was assumed to be ' phosphoprotein ' (Schneider, 1945) . While in preliminary studies no nucleic acid or polyphosphate remained in the residues, it has since been found that on occasion (especially when larger samples were used) some DNA and a smaller amount of polyphosphate remained. A further extraction with 5 % TCA at 90" is therefore necessary to ensure the complete removal of these. As this was not usually done, some of the ' phosphoprotein' figures given later may be high (e.g. the higher figures in Table 6 ) , and should therefore be taken to represent no more than an upper figure.
As a result of these studies on Mycobacterium smegmatis the scheme of extraction shown in the flow-sheet ( Fig. 1 ) was adopted to obtain the results given later in this paper.
A study ofthe Schmidt-Thunnhauser method. Since the Schmidt-Thannhauser method (1945) has been widely used for determining nucleic acid in bacteria, an attempt was made early in this work to apply it to mycobacteria. Difficulties due to their high lipid content and low recoveries of DNA caused it to be abandoned. From a recent re-investigation, however, it appears that it can be applied with some modification (Fig. 2) .
Owing to the considerable amount of combined lipids in rnycobacteria, extracted only by such drastic methods as ethanol + ether + HCl (see Lederer, 1952) , it was impracticable to remove lipids completely. The subsequent should be given.
given.
without heating to go', the removal of methanol being compIeted in vucuo at room temperature. The alkaline hydrolysis liberated a considerable amount of lipid, which had then to be removed by a number of extractions with warm ether. On centrifuging the suspension remaining, a substantial residue Phosphorus compounds of mycobateria 9 (R, Fig. 2) and a slightly cloudy supernatant were obtained. Acidification of the supernatant gave a heavy precipitate, leaving the PNA and polyphosphate in solution. The PNA, as determined from the ultraviolet absorption of the supernatant, was in fair agreement with the figure obtained by the TCA extraction method. The discrepancy was in part due to the persistent slight 5 ml. N-NaOH at 37" for 18 hr. method (1944) . The material contained 400 pg. PNA-P and 227 pg. DNA-P by the method in Fig. 1. cloudiness of this supernatant. The DNA was extracted from the precipitate with hot TCA, leaving a phosphorus-free waxy residue which, however, contained a considerable amount of ultraviolet-absorbing substances soluble in alkali-for this reason alkali was not used to dissolve the DNA. The absorption curve of the TCA solution showed that DNA only was present. It was accompanied by a little polyphosphate. The solution was again persistently slightly cloudy, so that a slight overestimation of the DNA was probable. The DNA was nevertheless much too low. Extraction of the first residue (R) with hot TCA brought a considerable amount of nucleic acid into solution, together with a little polyphosphate. The absorption curve of this nucleic acid showed it to be DNA, and it was present in sufficient quantity to account for practically all the missing DNA. Thus the results of this method are in rough agreement with those from the acid extraction method, and suggest that with a little further investigation the Schmidt-Thannhauser method would give reliable results for mycobacteria.
When the Reichert method was employed in unmodified form (the removal of methanol being completed at 70-90°), some of the troubles due to cloudy solutions were avoided, and the residue from the alkaline extraction was nucleic acid-free. However, the heat treatment appeared t o cause degradation of the DNA, so that most of it failed to precipitate on acidification but remained in solution with the PNA.
Similar results were obtained with Mycobacterium phlei.
Results of determinulions of phosphorus compounds in several strains of mycobacteria A number of different samples of Mycobacterium smegmatis were analysed by the methods which have been described, and some of the results are given in Table 3 . The most striking feature of these results is their variability, The composition varies with age, as will be discussed later (Table 4) , but variations observed were greater than could be explained on this basis. In fact, for all the determinations given in Table 4 , material at approximately the same stage of growth was used-namely just before its multiplication rate had begun to diminish.
Observations revealed two extreme types of growth, The more usual (which we refer to as 'brittle' growth) gave a thin white film on the surface after 2 days. This thickened progressively to give a firm brittle mass which became at first faintly yellow (3 days), then a faint yellow-pink (4 days), after which it changed progressively towards light orange-brown. Rapid growth usually ended after 4 days. The medium developed only a slight yellow colour at this stage. Microscopic observation revealed rods about 4 times as long as broad, strongly acid-fast. The less usual 'leathery' growth developed in much the same way until the surface of the medium was covered. Subsequently, however, the film thickened only slightly, then took on a leathery consistency and began to sink, after which all growth stopped. The film of cells did not show any tendency to become pink, though it sometimes became yellow, and the medium became strongly yellow (the yellow colour in both cases being due to riboflavin or its derivatives, as shown by its ultraviolet absorption and fluorescence). Under the microscope the cells appeared much longer-many almost whip-like-and were less strongly acid-fast. ' Leathery ' growth had characteristically much less DNA (calculated on a nitrogen basis) than ' brittle' growth.
The factors which cause the appearance of leathery growth are obscure. For long periods nothing but brittle growth was obtained, and then suddenly all the cultures would start to produce leathery growth, Sometimes a return to the parent cultures on agar produced a reversion to brittle growth, but most Phosphorus compounds of mycobacteria 11 frequently this failed. Originally, P & B without added ferric chloride was used for growing this organism, and it was found that the addition of about 10 ,ug./ml. ferric chloride resulted in brittle growth appearing again. This addition was consequently made to the routine media. Since then, however, Table 3 
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under identical conditions leathery growth has appeared in media modified in this way, and at present best growth is obtained when ferric chloride is omitted. On occasion, leathery growth has been obtained on fresh P & B, and brittle growth when the batch of medium used was a couple of months old, but again this was not always true. Bacterial contamination is not responsible, nor does there seem to be any question of bacteriophage being involved. Table 4 shows the effect of age on two cultures of Mycobactmiurn smegmatis derived from the same inoculum. One of these cultures developed an intermediate type of growth, the other brittle growth. Growth in the intermediate culture began to slow down after the second day, the DNA dropped to a low level, the PNA dropped more slowly, and the polyphosphate rose rapidly. In the brittle culture a rapid rate of growth continued even up to 7 days, and it may be seen that 'the DNA remained at a high level, while the polyphosphate rose to a less high level than in the other culture and remained there for the duration of the experiment. Otherwise the two cultures showed a similar composition, and changed only slightly over the period studied. Table 5 . Noteworthy was the low PNA/DNA ratio-this was invariably less than 1, whilc in M. smegmatis it varied from 0-6 to nearly 5 . The polyphosphate in M. phlei was usually very low, and never reached the levels found in M. smegmatis. The high level of orthophosphate found in most cultures of M. phlei grown on P & B is due to precipitation of magnesium ammonium phosphate from the medium. The medium as prepared is almost saturated with magnesium phosphate, and the increased alkalinity and liberation of ammonia during growth cause this precipitation. Crystals of magnesium ammonium phosphate may usually be seen attached to the underside of the pellicle. The same effect has been observed on occasion with M . amegmatis and M . tuberculosis so that in these cases, too, the orthophosphate may be overestimated. The magnesium ammonium phosphate is not removed during washing, but dissolves during the extraction of acid-soh ble compounds.
Results for analyses of Mycobacterium tuberculosis are given in Table 6 . This includes several strains of several ages, yet a fair degree of constancy of composition may be seen. Phospholipid was usually rather higher than in M. srnegmatis. PNA was lower than in M . smegmatis, agreeing more with the level in M. phdei. The PNAIDNA ratio was 1-5 t o 2. During this research it was desired to study the changes which took place immediately after the transfer of actively growing material to a fresh culture medium. As will be seen by referring to the Methods section, the new medium had not exactly the same composition as the growth medium. Since it was made up at three times strength, magnesium was omitted to avoid phosphate precipitation on autodaving. Consequently only traces of magnesium were present. It had a higher sodium content than the growth medium and also, as there was some magnesium phosphate precipitation in the latter medium, a slightly higher phosphate content. Further, to make the manipulation of these rather hydrophobic organisms easier, the medium was made to contain a final concentration of 0.07 yo Tween 80. Previous experimentation had shown, however, that these changes did not make any difference to the behaviour of the culture during the period studied. Table 7 shows the changes in such a culture of Mycobactmiurn srnegrnafis during the first 11 hr. The total nitrogen showed an increase within 3 hr., and had almost doubled in 11 hr. 'Phosphoprotein', PNA, and stable acid-soluble phosphate increased at about the same rate as nitrogen and DNA slightly faster. The changes in the PNA and DNA, however, varied according to their initial levels-when material with high DNA was used, DNA increased more slowly than nitrogen and PNA more rapidly. The sum of orthophosphate and acid-labile soluble phosphate increased at a greater rate than nitrogen, while phospholipid increased at a slower rate. A most striking effect was the actual decrease in insoluble polyphosphate.
When similar experiments were done using 40-day-old cultures of Mycobacterium tuberculosis HS7Ra the changes were very much slower. Nitrogen increased by a factor of about 1.2 in 22 hr. The picture was much the same as in M. smegmatis, but in neither of the two experiments did polyphosphate show a decrease and in one it increased relative to nitrogen over a period of 24 hr. In one of the experiments a very striking drop in orthophosphate was observed. This was probably due, however, to magnesium ammonium phosphate having been introduced with the inoculum (see earlier) and then slowly dissolving. Table 8 gives analytical results gathered from the literature for some strains of mycobacteria. For comparison the range of our results is shown, calculated on the same basis (dry weight). This recalculation of our values is only approximate in the case of Mycobacterium tuberculosis and M . phlei. Only in the case of M . smegmatis was the dry weight of samples determined, and so the results for M. phlei and M . tuberculosis were recalculated assuming 12 mg. dry weight/mg. nitrogen, which is the average value for M . smegmafis. It will be seen that the figures from the literature are rather too fragmentary to make possible a detailed comparison with the figures in this paper. They do, however, serve to confirm that the phosphorus-containing components vary according to the strain and the cultural conditions. Some of the results, however, appear to differ from the results quoted in this paper by an amount greater than could be explained on these grounds. (1948) have reported that the polyphosphate of yeast is likewise bound in the alkali-insoluble residues. I n the mycobacteria studied onIy a trace of poIyphosphate is held in this fashion.
DISC WSSION
The P & B modification which was used in this work has not proved to be ideal for the study of the phosphorus compounds of the organisms. It has a very high content of magnesium so that magnesium ammonium phosphate precipitates very readily, as pH value and ammonia content of the medium rise during growth. On the other hand, this medium gives a much higher yield of cells than any other which we have tried.
Attention should be called to the fact that the values for mycobacterial PNA and DNA quoted in a previous paper (Winder & Denneny, 1954) were erroneous. It was not then realized that DNA purine was extracted with PNA by 5 % TCA a t 19*, and that allowance must be made for this when calculating the nucleic acid values from the ultraviolet absorption figures.
During this work it was found that inorganic polyphosphate is a major phosphorus component of the strains studied (with the exception of the one cuIture of Ravenel Rv investigated). The substance is a high molecular weight polymer of orthophosphate, and has been referred to as 'metaphosphate' by many writers on the subject, including the present authors. However, as metaphosphoric acid properly has the formula (HPO,),, the use of this term implies cyclical structure. As this has not been shown to be true of the material Schmidt, 1951) . It has been found in mycobacteria (Ruska et al. 1952;  Winder & Denneny, 1954) and its significance in these organisms has been discussed (Winder & Denneny, 1954) . It has usually been regarded as a storage form of phosphate, and perhaps energy, being used up during periods of active growth and accumulated during resting periods. Most of the results in this paper are in keeping with this, e+g. the increase in polyphosphate with the age of a culture whose growth is slowing down ( Table 4) , and the drop in polyphosphate on inoculation of Mycobacterium mnegmatis into fresh medium ( Table 7) . The rise in polyphosphate found on inoculating M . tuberculosis into fresh medium does not appear to conform with this idea. However, it may be that in this organism the anabolic reactions utilizing polyphosphates have a longer lag period than the catabolic reactions leading to its formation so that, over the immediate post-inoculation period studied, polyphosphate storage conditions would still prevail.
In subsequent papers the function of polyphosphate in rnycobacteria will be discussed in the light of results obtained under abnormal growth conditions, radioactive tracers and cell-free extracts, which have given further information on the question.
